Docosahexaenoic acid (DHA; 22:6 nϪ3) is the major fatty acid in the phosphatidylethanolamine of photoreceptor cells. The supply of preformed DHA in milk may play an important role in early human visual development. We examined the effect of adding dietary DHA from yolk or fish oil on its accretion in the retina of newborn piglets fed artificially for 2 wk. DHAenriched eggs from hens fed rapeseed oil and two fish oils with a high or low ratio of eicosapentaenoic acid (EPA; 20:5nϪ3) to DHA were used. The basic (conventional) formula contained (% by wt of total fatty acids) 17% linoleic acid (18:2nϪ6) and 1.3% ␣-linolenic acid (18:3nϪ3). The yolk-enriched formula also contained 0.5% arachidonic acid (AA; 20:4nϪ6) and 0.4% DHA. The fish-oil−enriched formulas contained either 0.3% EPA and 0.2% DHA (from salmon oil) or < 0.1% EPA and 0.3% DHA (low-EPA fish oil used at a low concentration), or 0.1% AA, 0.3% EPA, and 0.9% DHA (low-EPA fish oil used at a high concentration). The low-EPA fish oil used at a low concentration can supply the DHA required without increasing the EPA status but only the yolkenriched formula allowed the artificially reared piglets to attain the same AA status in blood lipids as with sow milk feeding. The DHA concentration plateaued in the retina when it reached 7.5% by wt of total fatty acids in plasma phospholipids. Yolk phospholipids and fish oils are equally potent sources for supplying the highest retinal DHA concentration, which was found to be 41.7% by wt of total fatty acids in phosphatidylethanolamine (compared with 35% without supplementation). Inclusion of 0.2-0.3% DHA ensures maximal DHA accretion in the retina but cosupplementation with AA is necessary to achieve the status with maternal feeding in blood lipids and to prevent any possible imbalance between nϪ6 and nϪ3 fatty acids.
INTRODUCTION
The membrane phospholipids of neural tissues contain large amounts of long-chain polyunsaturated fatty acids (LCPUFAs), mainly arachidonic acid (AA; 20:4nϪ6) and docosahexaenoic acid (DHA; 22:6nϪ3). Both fatty acids are necessarily of dietary origin, either directly or in the form of their respective shorterchain (essential) precursors, linoleic acid (LA; 18:2nϪ6) and ␣-linolenic acid (␣-LNA; 18:3nϪ3). The dietary supply of PUFAs is thus of crucial importance for the perinatal accretion of long-chain derivatives in the developing neural tissues (1, 2) . The LCPUFAs and their precursors are naturally provided to breast-feeding infants through maternal milk in amounts that depend largely on the maternal diet.
The milk of the French women that we studied contained Ϸ0.6% by wt of total fatty acids as AA and 0.4% as DHA (3) . Much higher concentrations of milk LCPUFAs can be found (up to 2.8% of DHA), such as those reported in Chinese women from marine regions (4) , whereas American and German women have breast milk DHA concentrations at the low end of the spectrum (5) . Current infant formulas supply LA and ␣-LNA but most of them do not contain preformed LCPUFAs.
It was shown recently that both preterm (6) and full-term (7-9) infants have the capacity to convert dietary precursors into their long-chain derivatives. The AA and DHA status in blood lipids is known to be lower in formula-fed infants (preterm and full term) than in those fed breast milk or LCPUFA-enriched formulas (10, 11) . Moreover, postmortem analyses in infants who had died suddenly revealed that the DHA status was lower in the cerebral cortex lipids of infants fed conventional formulas than in those who received maternal milk (12, 13) . However, in one of these studies, neither the cerebral AA nor the retinal DHA concentrations appeared to have been altered by the type of feeding (12) .
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In the present study, we examined the effect of adding DHA from egg yolk or fish oil on its accretion in retinal phosphatidylethanolamine (PE) and phosphatidylcholine (PC) of newborn piglets fed artificially for 2 wk after birth. DHAenriched eggs were obtained from hens fed a rapeseed oil− enriched diet and two fish oils with different ratios of eicosapentaenoic acid (EPA; 20:5nϪ3) to DHA were compared.
METHODS

Animals and formulas
Newborn piglets obtained from Large White sows bred to Pié-train boars were fed formula or sow milk (SM) for 2 wk after birth, according to the general conditions described previously (28) . Official French regulations (nos. 87 848 and 03 056) for the care and use of laboratory animals were followed. Sows were fed a standard porcine-rearing diet containing 5% lipids by wt, with 34.8% and 4.7% by wt of total fatty acids as LA and ␣-LNA, respectively. At 1 d of age, one piglet from each of six different litters was assigned randomly to receive SM (group SM) or to one of five dietary treatments (n = 6 per group) for 2 wk. The artificially reared piglets were fed either a conventional infant formula lacking LCPUFAs (group F, fed LCPUFA precursors only) or one of the four LCPUFA-supplemented formulas. For this purpose, the basic formula was enriched with salmon oil (group S), two different concentrations of a low-EPA fish oil (group R and group R+), or egg yolk phospholipids (group E). Salmon oil provided EPA and DHA, the low-EPA fish oil provided mainly DHA, and egg phospholipids provided both AA and DHA. The basic-formula powder was manufactured by Diépal-NSA, Research Center in Steenvoorde (France). Its fatty acid composition ( Table 1 ) was identical to that of an infant formula, but the macronutrient formulation was adapted to meet the specific energy requirement of piglets, ie, 4 200 kJ/L. The basic formula contained the following (% by wt of dry matter): casein, 15; lactoserum proteins, 15; carbohydrates, 30; mineral and vitamin mix, 3 (including 50 mg ␣-tocopherol/kg); and a blend of vegetable oils composed of palm, coconut, sunflower, and soybean oils. The total lipid content was set at 30% by wt of the dry matter in all formulas. The powder was stored at 4°C throughout the feeding trial. All formulas were prepared daily by adding water to the powder, with a final concentration of 200 g total dry matter/L. They were not stored for longer than one night at 4°C.
Salmon oil (purchased from Sobremar, St Brieuc, France) was added to the formula at a concentration of 3% by wt of total lipids, the low-EPA fish oil at 1.5% (group R) or 4.5% (group R+), and the egg phospholipids at 17%. Eggs were harvested from hens fed a diet supplemented with 4% rapeseed oil by wt, which increased the relative content of DHA in the yolk phospholipids by 2−3% by wt of total fatty acids without altering the content of AA. The final contents of AA, DHA, and EPA in the purified egg phospholipids were 5.5%, 4.9%, and 0.1% by wt of total fatty acids, respectively. The yolk phospholipids were prepared by the Institut de Recherche Biologique Yves Ponroy (Bailly, France). They were stored under nitrogen at -80°C until used.
As shown in Table 1 , the final content of total nϪ3 LCPUFAs [EPA, docosapentaenoic acid (DPA; 22:5nϪ3), and DHA] varied between 0.4% and 0.6% in all diets (except for group R+, which was fed the highest amount of fish oil). Formulas S and R contained only traces of AA (< 0.05%), whereas formula R+ contained detectable amounts of this fatty acid (0.1%). Only formula E contained about the same concentration of AA as found in SM (0.5% and 0.6% by wt of total fatty acids, respectively). Egg phospholipids provided 12.3% of the total amount of fatty acids in formula E, whereas milk phospholipids provided 0.8% and 1.2% of total fatty acids in breast milk (29) and SM, respectively.
Collection of red blood cells, plasma, and retina
Blood
Piglets were deprived of food overnight, with water ad libitum, and killed after the 2-wk feeding period. Ten milliliters of blood was collected with heparin as anticoagulant and centrifuged at 2500 ϫ g for 30 min at 4°C. Plasma was drawn and red blood cells (RBCs) were washed twice with 20 mmol tris HCl/L, 150 mmol NaCl/L, and 1 mmol EDTA/L (pH 7.4). Plasma and RBCs were lyophilized. -± SE; n = 6 per group. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PE, phoshatidylethanolamine; PC, phosphatidylcholine; F, formula lacking long-chain polyunsaturated fatty acids (LCPUFA); S, F enriched with salmon oil; R, F plus a low-EPA (1.5% by wt of total fatty acids) fish oil; R+, F plus a low-EPA fish oil (4.5% by wt of total fatty acids); E, F plus egg yolk phospholipids. [2] [3] [4] [5] Significantly different from SM:
Retina
The animals' eyes were removed and the anterior segment, lens, and vitreous humor were discarded. The retina was detached from the retinal pigment epithelium and the eyecups were incubated under gentle stirring at room temperature in a calcium-free Ringer buffer (30) containing 118 mmol NaCl/L, 4.7 mmol KCl/L, 1.17 mmol KH 2 PO 4 /L, 1.17 mmol MgSO 4 /L, 5.6 mmol D-glucose/L, 35 mmol NaHCO 3 /L, and 1.0 mmol/L EDTA (pH 7.4). After detachment, the retina was lacerated and stored at -80°C until lipid extraction.
Fatty acid analysis
Total lipids were extracted from the crude plasma, RBCs, and retina (31) . Plasma total phospholipids were separated from neutral lipids by filtration through silica cartridges (Waters, Milford, MA) (32) . Plasma phospholipids, mainly composed of PC, were not purified further. The two major phospholipid classes in RBCs and retina, PC and PE, were separated by HPLC coupled with a light-scattering detector (33, 34) . Total lipids were loaded onto a 25 cm ϫ 7.5 mm silica column (Lichrosorb SI 60; Merck, Nogent-sur-Marne, France) and PC and PE were isolated at a flow rate of 2.5 mL/min by using a linear gradient of solvents, beginning with 100% of the first eluant composed of hexane:isopropanol:chloroform:water (42:44.6:10.4:3, by vol) and ending with 100% of the second eluant, composed of hexane:isopropanol:chloroform:water (32:49.6:10.4:8, by vol).
The fatty acid methyl esters were produced by reacting plasma phospholipids, RBCs, and retinal PC for 20 min at 90°C with 10% BF 3 (wt:vol) in 2 mL methanol (35) , and by reacting RBC and retinal PE for 4 h at 70°C with 10% HCl (by vol) and 4% dimethoxypropane (by vol) in 2 mL methanol. After addition of 2 mL distilled water, methyl esters were extracted twice with 1 mL hexane, washed with distilled water to neutralization, dried under nitrogen, and reconstituted in 100-200 µL isooctane for gas chromatography. A 0.5-µL aliquot was injected through the on-column injector of a 9001 gas chromatograh (Chrompack, Midelburg, Netherlands) equipped with a retention gap and a CP Wax 52 CB bonded fused-silica capillary column (0.3 mm internal diameter, 50 m in length). The oven temperature was programmed for 79-140-205°C at a heating rate of 9°C/min for the first slope (6.8 min) and 3°C/min for the second slope (21.7 min). The hydrogen flow was 1 mL/min. The flame-ionization detector was set at 250°C. The fatty acid methyl esters were integrated and automatically identified by comparing their equivalent chain length with standard compounds. All compositions were expressed as % by wt of total fatty acids.
Statistical analysis
One-way analysis of variance (ANOVA) followed by Fisher's test was used to evaluate the significance of the differences among 380 ALESSANDRI ET AL groups (fatty acids found in amounts < 1% of the total were not analyzed, although they were included in the final denominator for total identified fatty acids). STATVIEW SE and GRAPHICS (Abacus Concepts Inc, Berkeley, CA) was used for the analyses.
RESULTS
Blood lipids
The fatty acid composition of RBC phospholipids at 2 wk showed only minor differences among dietary groups ( Table 2) . Neither fish oils nor egg phospholipids exerted a significant effect on the AA concentration in RBC PE, which was Ϸ10% by wt of total fatty acids regardless of the diet. Nevertheless, the supply of AA from SM or from formula E had a significant effect on the AA content in RBC PC, which was 39−60% higher than the AA content in groups F, S, R, and R+. Changes in DHA were also low in RBC phospholipids, except in group R+, which was fed the highest amount of fish oil. In group R+ the DHA concentration soared to 8.3% and 3% in the PE and PC fractions, respectively.
The fatty acid composition of plasma phospholipids clearly mirrored the diets ( Table 3) . As with the high concentration of AA in SM, the plasma status of this fatty acid was 26% higher in the SM-fed piglets than in the formula F−fed piglets. The plasma AA concentration was 62−69% higher in the SM-fed piglets than in those fed formulas S, R, or R+, showing that the AA deficit was stressed in the fish-oil−supplemented piglets regardless of whether the source contained high or low amounts of EPA. However, formula E resulted in a plasma AA concentration that was similar to the value resulting from SM feeding (13.7% compared with 15.2%, respectively). The DHA status in plasma phospholipids decreased by 40% in the absence of dietary LCPUFAs (group F) compared with SM feeding. The deficit was suppressed and the plasma DHA status was improved when this fatty acid was added to the formula either in the form of fish oils or egg phospholipids. Compared with the SM group, the plasma DHA concentration increased by 34% in groups S and R, 59% in group E, and 98% in group R+.
In summary, the data mainly showed that supplementation with egg phospholipid significantly improved the DHA status in plasma phospholipids (by 59% relative to SM feeding) without altering that of AA, whereas fish oils led to an increase in DHA and a concomitant decrease in AA regardless of whether the formula contained a high (formulas S and R+) or low (formula R) amount of EPA. On the other hand, LCPUFA concentrations in RBC phospholipids were only slightly altered (at 2 wk) by the dietary intakes of preformed LCPUFAs.
Retinal phospholipids
The DHA content increased by 11−20% in the retinal PE of the LCPUFA-supplemented piglets (groups S, R, R+, and E) compared with formula F− or SM-fed piglets ( comitantly, DHA increased by 29−47% in retinal PC ( Table 5) . Unlike DHA, the AA content in retinal phospholipids was apparently unrelated to its concentration in the diet. The AA content was Ϸ15% by wt of total fatty acids in retinal PE regardless of whether the piglets were fed SM or formula F, S, or E (Table 4) . However, loading the formula with high amounts of nϪ3 LCPUFAs (group R+) resulted in a 19% decrease in AA in retinal PE. In retinal PC, AA ranged between 4% and 5% by wt of total fatty acids whatever the type of diet ( Table 5) .
The simultaneous changes in DHA in retinal and plasma phospholipids are illustrated in Figure 1 , A. This compilation of our data with those of Innis et al's group (36, 37) highlights the correlation between the concentration of DHA in retinal PE and its concentration in plasma phospholipids, the latter being directly modulated by dietary DHA. It appeared that the DHA retinal content leveled off to 40-42% in PE and 10% in PC when the circulating DHA concentration increased to 7−8% by wt of total fatty acids in plasma phospholipids. Beyond this value, the DHA concentration plateaued in the retina, whereas that of AA began to decrease significantly. Our data suggest that 7-8% DHA in plasma phospholipids defines the maximal concentration in circulating lipids to ensure its highest retinal content without altering the status of AA. A bilinear model was applied to define the retinal PE plateau more precisely (Figure 1, B) . The breakpoint occurred at 7.5% DHA in plasma phospholipids and the intercept gave a theoretical maximal DHA value of 41.7% by wt of total fatty acids (or, 39.3 mol%) in the retinal PE. The SM-and formula F−fed piglets matched 85% and 83% of this plateau value, respectively, and the different LCPUFA-supplemented groups scored between 92% (group R+) and 99% (group S).
DISCUSSION
Matching the highest DHA concentration in the piglet's retina
The accretion of DHA in the major phospholipid classes of the piglets' retina was markedly improved by adding fish oils or egg yolk phospholipids to the formula. The DHA concentration did not exceed the maximal value of 41.7% in retinal PE (10% in PC), even though this fatty acid may settle into the plasma phospholipids up to threefold more than the value resulting from natural milk feeding. Thus, it can be postulated that the 41.7% plateau defines the highest concentration for PE DHA in the piglets's retina. Note that SM-fed piglets matched only 85% of the plateau value. We showed previously that, compared with standard formula feeding, low amounts of DHA in SM did not have any effect on its accretion in intestinal, blood, hepatic, cardiac, cerebral, or retinal phospholipids of suckling piglets (28) . Note that the major nϪ3 LCPUFA in SM is DPA, and that this fatty acid does not 382 ALESSANDRI ET AL seem to compensate for the low DHA content in milk. Achieving a high DHA concentration in SM required the use of rearing diets specially enriched with soybean, canola, and fish oils (38) . These data raised the following questions: What does the plateau value of DHA mean? Is this concentration fully achieved with natural milk feeding? We believe that the dose-effect curve depicted in Figure 1 addresses these questions and supports the concept that "milk cannot be used as the gold standard" (29) . The present study showed that, in piglets' retina, maximal accretion of DHA is not necessarily achieved with natural milk feeding. Under our experimental conditions, maximal accretion occurred in LCPUFA-supplemented piglets when DHA achieved 7.5% by wt of plasma phospholipid fatty acids. In rapidly developing animals, this content could define the required availability of circulating DHA for its maximal uptake by the retinal pigment epithelium cells from plasma lipoproteins or from albumin (39) .
DHA status: comparison between the piglet model and human infants
The brain weight of newborn piglets increases 40% within 2 wk after birth (28) , whereas the same relative increase requires 9 wk in full-term human infants. On the basis of this sole criterion, one might say that the 2-wk postpartum period in piglets is comparable with the 9-wk postpartum period in full-term infants. The 7.5% DHA concentration in piglets' plasma phospholipids, although higher than the mean values usually reported in humans, can be found in newborn infants. For instance, a DHA value of 7.6% by wt of total fatty acids was found at birth in the plasma phospholipids of infants whose mothers consumed high amounts of fish oil during pregnancy (40) . However, in the piglet model, DHA and AA concentrations are higher in plasma phospholipids than in RBC PE, whereas this distribution pattern is inverted in newborn infants. The retinal DHA concentration has been reported in a few postmortem analyses made in "cot death" infants or in infants whose cause of death was not neurologically related. Martinez (41) found that the DHA concentration in retinal PE ranged between 26 mol% and 28 mol% in newborns from birth to 9 wk postnatal age (compared with 33-39 mol% in the present study), whereas Makrides et al (12) reported that total retinal lipids contained Ϸ12% by wt of total fatty acids as DHA from 2 to 48 wk postnatal age, whether the infants had consumed maternal milk or conventional formulas lacking LCPUFAs. The true retinal DHA status of LCPUFA-supplemented infants is obviously unknown, and the desirability of maximal DHA accretion in the retina still remains questionable. Using the guinea pig model, Weisinger et al (42) showed that increases in the DHA concentration above an optimal amount in retinal total phospholipids (found to be 19% by wt) provided diminishing returns in electroretinographic performance. However, guinea pigs have a lower demand for tissue DHA concentrations than other mammals, notably humans. Guinea pigs seem to metabolize nϪ3 fatty acids differently (42) and the unfavorable effect of high retinal DHA concentrations may be particular to this species.
What kind of supplementation?
Fish oils and egg yolk phospholipids both appeared to ensure the highest DHA status in the piglets' retina. However, the addition of salmon oil resulted in a dramatic increase in EPA in RBC and plasma phospholipids in group S, whereas the EPA status remained steady when the low-EPA fish oil was added to the for- All the data from the present study were compiled, including data reported previously by Innis's laboratory (36, 37) and our laboratory (28) . The curves were drawn by using a two-order polynomial regression, with r 2 = 0.779 for PE and r 2 = 0.505 for PC. The numbers next to the points on the PE curve correspond to the following PE and PC data. 1 (36) : DHA status in piglets fed a formula with a high ratio of linoleic acid to ␣-linolenic acid; 2 (28), 3 (37), and 6 (group fed sow milk): DHA status; 4 (37) and 5 (group fed formula without long-chain polyunsaturated fatty acids): DHA status in piglets fed a nonsupplemented formula; 7 (unpublished data from our laboratory): DHA status in piglets fed a formula enriched with PLs purified from pig brain; 8 (group fed formula enriched with salmon oil), 9 [group fed formula enriched with a low-eicosapentaenoic acid (EPA) fish oil (1.5% by wt of total fatty acids)], 10 (group fed formula enriched with egg yolk PLs), and 11 [group fed formula enriched with a low-EPA fish oil (4.5% by wt of total fatty acids)]: DHA status. Panel B: the 11 values for retinal PE DHA in panel A were inverted and plotted relative to the plasma PL DHA concentration. Two lines were drawn by linear regression including points 1-9 for the first line (r 2 = 0.687) and points 7-11 for the second line (r 2 = 0.619). The breakpoint occurred at 7.5% DHA in plasma PLs. The second line gave an intercept value of 0.024, ie, 41.7% by wt of total fatty acids for the highest concentration of DHA in retinal PE. mula at a concentration of 1.5% by wt of total lipids (group R). The data obtained from group R+ showed that increasing the low-EPA fish-oil concentration in the formula mainly increased the EPA and DHA concentrations in plasma phospholipids without any further increase in retinal DHA concentrations. The EPA concentration increased more readily in plasma phospholipids than did DHA, supporting the view of a possible retroconversion of DHA to EPA (43) . The nutritional value of EPA is questionable because of the metabolic competitiveness with AA for the acylation and conversion pathways. Carlson et al (44) found that preterm infants supplemented with a high-EPA fish oil had lower weight, length, and head circumference than those fed a conventional preterm formula. Growth retardation of preterm infants was correlated with the alteration of the AA status in blood lipids (45) . Taking into account the potential adverse effects of EPAcontaining fish oils, we used a low-EPA source for supplying the DHA requirement without altering the AA status. However, the present results attested that the AA concentration was not preserved in the plasma phospholipids of piglets fed fish oils, whether EPA was present in the formula at a high (groups S and R+) or low (group R) concentration. These data support the view that the combination of all nϪ3 LCPUFAs (ie, EPA, DPA, and DHA), rather than EPA per se, accounted for the decline in AA in the circulating phospholipids of fish-oil−fed piglets. Actually, DHA appeared to be more effective than EPA in lowering the AA content in rat tissue phospholipids (46) . Conversely, supplementation of a standard formula with AA alone (obtained from a microbial source) was shown recently to reduce the DHA content by 14% in the retinal PE of the supplemented piglets compared with the standard formula−fed piglets, and by 25% relative to those receiving both DHA and AA (47) .
It is clear that inclusion of both AA and DHA is necessary to achieve the LCPUFA status resulting from maternal milk feeding. In the present study we did not find any deleterious effect of fish oils as regards the organ growth of piglets (data not shown). However, diet-induced alterations in the balance of nϪ6 and nϪ3 LCPUFAs were shown to compromise the basal production of eicosanoid metabolites in the lungs of formula-and SM-fed piglets (48, 49) . Adequate incorporation of LCPUFAs of both the nϪ6 and nϪ3 series in infant formulas increasingly appears to be the best way of satisfying the specific needs of newborns.
